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Light dispersionn the plasma membrane by various substances is frequently determined using
polyethylene glycols as osmotic protectants. In this work, we have found that the size of pores formed by
saponin in the red blood cell membrane determined by hemolysis versus molecular weight of polyethylene
glycol was different to that estimated by light dispersion of cell suspensions. After complete swelling of cells
induced by saponin in semiisotonic salt media containing 150 mOsm PEG-4000 or PEG-3000, a signiﬁcant
increase in the light absorbance at 640 nm was developed resulting from the formation of hemoglobin
precipitates. Easily sedimenting aggregates were also formed when the supernatant of lysed cells was added
to the equiosmotic solutions of polyethylene glycols with molecular weight higher than 1000. We suggest
that the real size of large pores could be underestimated due to the phenomenon of hemoglobin precipitation
by polyethylene glycols.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Many protein toxins, peptides, saponins and other substances
display their biological activities through the formation of channels or
pores in biological membranes. The direct measurement using
electron microscopy [1–7] or indirect evaluation using osmotic
protectants [4,7–13] have been applied to determine membrane
pore sizes. These approaches resulted in very controversial data. For
example, the diameter of pores formed by Streptococcus agalactiae
CAMP factor in the plasmamembrane of red blood cells (RBC) reached
values of 12–15 nm according to the electron microscopy data; while
the diameter of the same pores was estimated to be only 3.2–5.4 nm
when hemolysis was measured versus molecular weight of poly-
ethylene glycols (PEG) used as osmotic protectants [4]. It has been also
demonstrated that the size of pores formed by cytotoxic enterotoxin,
produced by Aeromonas hydrophyla, ranged from10 to 13 nm,whereas
the average pore diameter calculated on the basis of hemolysis-
osmotic protection assays using inulin, PEG-3350 and PEG-6000 was
less than 2.80 nm [14].
A similar discrepancy has been reported with respect to the
permeabilization of RBC plasma membrane by saponins. The electron
microscopy imaging revealed that the size of holes or pits generated
by saponin in biological membranes is approximately 8 nm in
diameter, each surrounded by a ring of 3 nm width [1,2]. The lysis of
RBC in the presence of saponin is also known to result from the4 2604489.
).
l rights reserved.formation in the plasma membrane of stable unresealable pores
permeable to macromolecules [15,16]. In concordance with these
data, we have demonstrated that the natural triterpenoid saponins
avicin G and avicin D, which have pro-apoptotic and antitumor
properties [17–20], are able to permeabilize the outer mitochondrial
membrane to cytochrome c [21]. On the other hand, the diameter of
pores formed by avicin G in the plasma membrane of RBC was
estimated as 2.2 nm based on the hydrodynamic radius of PEG
reduced hemolysis by 50% [10]. This size was signiﬁcantly less than
that observed by electron microscopy for the action of various
saponins [1,2,15,16].
In contrast, when the release of lactate dehydrogenase versus
molecular weight of PEG was studied, the size of the pores for the
permeabilization of larval hemocytes of Helicoverpa armigera with a
ﬁmbrial shaft protein (MrxA) of Xenorhabdus nematophila has been
found almost equal to that observed by electron microscopy [6].
The concentration of PEGs used for the membrane pore sizing was
usually equal to 30 mM [4,6,9,12,13,22]. Surprisingly, several groups
have reported very similar pore diameters when studying permeabi-
lizing effects of substances of different chemical nature: 3.2–5.7 nm
for the action of CAMP toxin [4], 2.8–3.5 nm for the plasmamembrane
permeabilization with cystic ﬁbrosis isolate CHA [9], 3.2 nm for the
antibiotic lipopeptide iturin A [12] and the size slightly higher than
PEG-4000 for the plasma membrane permeabilization with mamma-
lian orthoreovirus (reovirus) [13]. The hydrodynamic diameter of PEG-
4000 is equal to approximately 3.2 nm [23]. When equiosmotic
solutions of PEGs have been used, signiﬁcantly lower membrane pore
sizes have been reported: 2 nm in diameter for sphingosine [11] and
2.2 nm for avicin G [10] actions.
Fig. 1. Saponin-induced change of RBC light dispersion in isoosmotic media containing
PEGs. RBC with hematocrit of 0.17% were incubated in the media with 150 mOsm PEGs
containing 75mMNaCl, 5mMTris–HCl, pH 7.4, (A) or 300mOsmPEGs in 5mMTris–HCl,
pH7.4, (B); The arrows indicate the time of saponin (S) additions to theﬁnal concentration
of 100 μg/ml; a— control: 150mMNaCl, 5mMTris–HCl, pH 7.4; b— PEG-600; c— PEG-1000;
d — PEG-1500; e — PEG-3000; f — PEG-4000; Light dispersion was registered as A640.
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have suggested that there might be some artifacts associated with
the hemolysis-PEG methodology, especially when high concentra-
tions of high molecular weight PEGs have been used. For example, it
has been shown that PEGs are able to precipitate the plasma proteins
γ-globulin and ﬁbrinogen [24]. In addition, hemoglobin was
precipitated with PEG in hemolysed plasma and was completely
removed by centrifugation allowing isolation of highly puriﬁed
immunoglobulins [25]. These data allow suggestion that high
molecular weight PEGs at commonly used concentrations might
precipitate hemoglobin released from permeabilized cells.
In this work, we have studied the plasma membrane permeabi-
lization of RBC by saponin in the presence of PEGs of different
molecular weight bymeasuring light dispersion of cell suspension and
by determining supernatant hemoglobin. Saponin is a classical
permeabilizing factor, which forms very large pores in biological
membranes. These pores should be permeable to a broad range of
PEGs. The pore size estimated by supernatant hemoglobin measure-
ments was signiﬁcantly smaller than that resulting frommonitoring of
the RBC light dispersion. This discrepancy was attributed to the
formation of hemoglobin aggregates in the presence of PEGs. The
phenomenon of precipitates was independently conﬁrmed by the
addition of cytosolic hemoglobin fraction of hypotonically lysed cells
to the media containing high molecular weight PEGs. The precipitates
dispersed light and could be easily sedimented resulting in a red pellet
that might be confused with the pellet of intact cells. The data in this
paper are consistent with hypothesis that real size of relatively large
membrane pores could be signiﬁcantly underestimated due to
hemoglobin precipitation by PEGs.
2. Materials and methods
2.1. Materials
Glucose, EDTA, Triton X-100, Tris–HCl, NaCl and other salts were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). All chemicals
were of analytical grade. Saponin (product # 47036) and PEGs of
highest purity were purchased from FLUKA BioChemika.
2.2. Isolation of red blood cells
RBC were isolated as described [26] with slight modiﬁcations.
Approximately 5 ml of blood of Sprague/Dawley rats were diluted in
20 ml of medium composed of 120 mM NaCl, 10 mM EDTA, 5 mM
sodium citrate and 5 mM Tris–HCl, pH 7.4, and centrifuged at
3000 rpm for 10 min at 15 °C. The pellet was washed twice by gentle
resuspension in 20 ml of 150 mM NaCl, 5 mM Tris–HCl, pH 7.4, and
subsequent centrifugation at 3000 rpm for 10min. The ﬁnal pellet was
resuspended in the samemedium complementedwith 10mMglucose
to the ﬁnal hematocrit of 20%.
2.3. Separation of cytosolic and membrane fractions of lysed red blood
cells
Twice washed RBC with the hematocrit of 100% were resuspended
in bidistilled water in the proportion of 1:4, vortexed and centrifuged
at 13,000 × g for 30 min to obtain the supernatant marked as cytosolic
fraction (CF) enriched in hemoglobin. The membrane fraction (MF)
was obtained by resuspending the pellet in water of initial volume.
2.4. Saponin treatment of red blood cells
Saponin (2.4 μl of 50 mg/ml stock solution) was added to the ﬁnal
concentration of 100 μg/ml after 1-min preincubation of RBC (0.17%
hematocrit) in 1.2 ml of isotonic medium composed of 150 mM NaCl
and 5mMTris–HCl, pH 7.4, or in the isoosmoticmediawhere NaClwaspartially or completely replaced by 150 mOsm or 300 mOsm PEGs,
respectively. The oncotic pressure of different molecular weight PEGs
was calculated according to earlier systematized data [27]. For
example, to obtain 150 mOsm or 300 mOsm PEGs, the corresponding
concentrations were 75 mM or 150 mM, respectively, for PEG-1000,
and 27.5 mM or 55 mM for PEG-4000.
2.5. Light dispersion of red blood cell suspensions and of hemoglobin
precipitates
Under the conditionsmentioned above for saponin treatments, the
light dispersion of RBC suspension was monitored by the decrease in
apparent light absorbance at 640 nm (A640) using the spectro-
photometer Spectronic (Genesis 2). The same method was used to
observe hemoglobin aggregation adding 10 μl of CF to 1.2 ml of media
with PEGs described above for saponin treatment of cells.
2.6. Hemoglobin measurement
Suspensions of control or treated RBC were centrifuged at
13,000 × g for 2 min and the concentration of hemoglobin in the
supernatant was determined as the absorbance at 540 nm using the
spectrophotometer Spectronic (Genesis 2).
3. Results
3.1. Changes in the light dispersion of RBC suspension and supernatant
hemoglobin caused by saponin in the media with 150 mOsm PEGs
The swelling of RBC is accompanied with a decrease in the
turbidity of cell suspension due to a decrease in the refractive index of
the cytoplasm. The suspension of intact RBC in isotonic medium
becomes more transparent by adding bovine serum albumin to
increase the refractive index of incubation medium [28]. In general,
the decrease inside or/and the increase outside the cells of protein
concentration leads to a decrease in the light dispersion or apparent
absorbance of light by a cell suspension. As shown in Fig. 1A (trace a)
the membrane permeabilization with saponin caused a fast and
Fig. 2. Supernatant hemoglobin (A, C) and RBC light dispersion change (B, D) after 5-min
(a), 30-min (b) and 2-min (c) treatments of cells with saponin in isoosmotic media
containing PEGs. RBC with hematocrit of 0.17% were incubated in the media composed
of 75 mM NaCl and 5 mM Tris–HCl, pH 7.4, with 150 mOsm PEGs (A, B) or in the media
composed of 5 mM Tris–HCl, pH 7.4, with 300 mOsm PEGs (C, D); Saponinwas added to
the ﬁnal concentration of 100 μg/ml; The light dispersion change is presented as a
percentage of A640 decrease; Supernatant hemoglobin is expressed as a percentage of
A540 change; Saponin effect observed in isotonic medium composed of 150 mM NaCl
and 5 mM Tris–HCl, pH 7.4, was taken as 100%. The results are means±SD (n=6).
Fig. 3. Light dispersion change associated with aggregation of hemoglobin in PEG
containing media. Cytosolic fraction (CF) of lysed RBC was added as 0.17% hematocrit
equivalent in themediawith 150mOsm PEGs in 75mMNaCl, 5 mMTris–HCl, pH 7.4, (A)
or with 300mOsm PEGs in 5 mM Tris–HCl, pH 7.4, (B); a— control: 150 mMNaCl, 5 mM
Tris–HCl, pH7.4; b—PEG-600; c—PEG-1000; d—PEG-1500;e—PEG-3000; f—PEG-4000;
MF (membrane fraction of lysed RBC) was added as 0.17% hematocrit equivalent in the
medium with 300 mOsm PEG-1500 in 5 mM Tris–HCl, pH 7.4, after (C) or before (D) the
addition of CF. Light dispersion was registered as A640.
2777J.C. Quijano, V.V. Lemeshko / Biochimica et Biophysica Acta 1778 (2008) 2775–2780almost complete drop in A640 of RBC suspension in isotonic salt
medium. The same result was obtained in semiisotonic salt medium
containing 150 mOsm PEG-600 (Fig. 1A, b), PEG-1000 (Fig. 1A, c) or
PEG-1500 (Fig. 1A, d). In the mediumwith PEG-3000, a marked rise inA640 was developed after complete swelling of RBC (Fig. 1A, e). This
effect was higher for the medium with PEG-4000 (Fig. 1A, f).
We next compared supernatant hemoglobin after 5-min saponin
treatment of RBC (Fig. 2A, a) with changes in A640 of cell suspension
after 5-min (Fig. 2B, a) and 2-min (Fig. 2B, c) saponin treatments in
isoosmotic media containing 150 mOsm PEGs. As one can see,
complete hemolysis after 5-min incubation (Fig. 2A, a) coincided
with a 100% drop in A640 of cell suspension (Fig. 2B, a). Complete cell
swelling was registered even for 2-min incubation (Fig. 2B, c). It was
also observed a good correlation between supernatant hemoglobin
(Fig. 2A, b) and A640 changes (Fig. 2B, b) for 30-min treatment of RBC
with saponin at different concentrations (r2=0.91). However, the
supernatant hemoglobin (Fig. 2A, b) and the decrease in A640 of cell
suspension (Fig. 2B, b) were signiﬁcantly less for 30-min than those
determined for 5-min (Fig. 2A, a and Fig. 2B, a, hemolysis and light
dispersion, respectively) saponin treatments in isoosmotic media
containing 150 mOsm PEG-3000 or PEG-4000.
3.2. Changes in the light dispersion of RBC suspension and supernatant
hemoglobin caused by saponin in the media with 300 mOsm PEGs
After the addition of saponin to the RBC suspension in equiosmotic
PEGmedia, it was found that complete drop in A640 was observed only
for the mediumwith PEG-600 (Fig. 1B, b), similar to that registered for
the control in isotonic salt medium (Fig. 1B, a). Only half-maximum
decrease, followed with subsequent remarkable increase in A640, was
determined for experiments with PEG-1000 (Fig. 1B, c). No decrease in
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PEG-4000 (data not shown) media. Complete hemolysis was regis-
tered when RBC were treated with saponin for 5 min (Fig. 2C, a) in
isotonic salt medium (100% control) or in equiosmotic solution of PEG-
600, which was in agreement with A640 decrease (Fig. 2D, a). For 30-
min treatment in this medium, there were observed less signiﬁcant
“hemolysis” (Fig. 2C, b) and A640 decrease (Fig. 2D, b). No release of
hemoglobin in the supernatant (Fig. 2C, a), as well as no decrease inFig. 4. The change in light dispersion (B, D) and the appearance of hemoglobin in the
supernatant (A, C) associatedwith5-min (a) and30-min (b) aggregationof hemoglobin in
PEG containing media. The cytosolic fraction (CF) of lysed RBC was added as 0.17%
hematocrit equivalent in themediawith 150mOsmPEGs in 75mMNaCl, 5mMTris–HCl,
pH 7.4, (A, B) or in themediawith 300mOsmPEGs in 5 mMTris–HCl, pH 7.4, (C, D); Light
dispersion was registered as A640. Supernatant hemoglobin is expressed as a percentage
of A540 change; Supernatant hemoglobin for isotonic mediumwith 150 mM NaCl, 5 mM
Tris–HCl, pH 7.4, without PEG was taken as 100%; The results are means±SD (n=6).A640 (Fig. 2D, a) was detected for 5-min treatment of RBCwith saponin
in equiosmotic solutions of PEGs with molecular weight 1500 or
higher. Similar data were obtained for 30-min treatment (Fig. 2C, b
and Fig. 2D, b, respectively). A good correlation (r2=0.99) between
“hemolysis” and A640 decrease was observed for both 5-min and 30-
min treatments.
3.3. Precipitation and sedimentation of hemoglobin in PEG containing
media
The possibility that hemoglobin released from RBC precipitates in
incubation media with high molecular weight PEGs was examined. In
these experiments, the cytosolic fraction of hypotonically lysed cells
was added to the PEG media without saponin. A marked rise in
turbidity of samples, expressed as an increase in A640, was developed
within 30 min after the addition of CF to the isoosmotic media
containing 150 mOsm PEG-4000 (Fig. 3A, f) or PEG-3000 (Fig. 3A, e).
No essential effects were detected for themedia containing 150mOsm
PEG-600 (Fig. 3A, b), PEG-1000 (Fig. 3A, c), PEG-1500 (Fig. 3A, d) or for
the control salt medium without PEG (Fig. 3A, a). Visually observed
aggregates were easily sedimented resulting in a red pellet, which are
undistinguishable from the pellet of intact cells. Due to this
precipitation phenomenon, the supernatant hemoglobin was signiﬁ-
cantly decreased for 30-min incubation with CF (Fig. 4A, b) compared
with 5-min incubation (Fig. 4A, a). The turbidity of isoosmotic media
with 150 mOsm PEGs developing within 5 min (Fig. 4B, a) or 30 min
(Fig. 4B, b) of incubation after the addition of CF was correlated with a
decrease in the supernatant hemoglobin (r2=0.93 and r2=0.94,
respectively).
An essential aggregation of hemoglobinwas also detectedwhen CF
was added to the medium with 300 mOsm PEG-1000 (Fig. 3B, c). The
maximum increase in A640 was developed in less than 5 min in the
media with 300 mOsm PEG-1500 (Fig. 3B, d), PEG-3000 (Fig. 3B, e) or
higher molecular weight PEGs (data not shown). No aggregation of
hemoglobinwas observed within 30 min of incubation in the medium
with 300 mOsm PEG-600 (Fig. 3B, b) or in the control (Fig. 3B, a). The
results of experimentswith alternative order of MF and CF additions to
the medium with 300 mOsm PEG-1500 indicate that CF (Fig. 3C), but
notMF (Fig. 3D), induced signiﬁcant increase in the turbidity. After 30-
min incubation of CF in the medium with 300 mOsm PEG-1500, the
formed hemoglobin precipitates could be almost completely removed
by centrifugation (Fig. 4C, b). Higher effects were observed using
media with PEG-3000 (Fig. 4C, b) or with higher molecular weight
PEGs (data not shown). Less signiﬁcant sedimentation was achieved
for 5-min incubation (Fig. 4C, a). It is interesting that the hemoglobin
precipitation was not observed in the medium with 300 mOsm PEG-
600, and began to be observed in themediumwith PEG-1000 (Fig. 4C).
The supernatant hemoglobin data strongly correlated with turbidity
changes (A640) for 5-min (Fig. 4D, a) and 30-min (Fig. 4D, b)
incubations of CF in PEG containing media (r2=0.95 and r2=0.98,
respectively). Thus, the obtained data demonstrate that the precipita-
tion of hemoglobin by PEGs, accompanied with an increase in the light
dispersion, depends on the concentrations and molecular weight of
PEG and on the time of incubation.
4. Discussion
The examination of released hemoglobin and light dispersion of
RBC suspension in the presence of osmotic protectants have been
reported in the literature to evaluate the size of pores formed in the
plasma membrane by various factors [4,7–13]. A second approach is
electron microscopy which allows direct determination of pore sizes
on electron micrograph images [1–7]. Several publications have
reported signiﬁcant differences in the membrane pore sizes deter-
mined by electron microscopy and by hemolysis estimation applying
PEGs as osmotic protectants [4,14]. We suggested that such a
2779J.C. Quijano, V.V. Lemeshko / Biochimica et Biophysica Acta 1778 (2008) 2775–2780discrepancy might be related to the precipitation of hemoglobin
released from permeabilized cells thus decreasing supernatant
hemoglobin concentration. This effect might be confused with the
osmotic protection of cells by PEGs.
In this work, we have examined the release of hemoglobin in the
supernatant and the light dispersion of cell suspension under RBC
permeabilization with saponin in semiisotonic NaCl media addition-
ally containing 150 mOsm PEGs (isoosmotic media). In the case of
mediawith PEG-3000 or PEG-4000, the oncotic pressure of 150mOsm
corresponded to the concentrations of 36 mM and 27.5 mM,
respectively, according to the data of Pfeiffer et al. [27]. These
concentrations are very close to 30 mM, which is the most frequently
used concentration of PEGs [4,6,9,12,13,22].
Saponin is a well known permeabilizing factor forming stable
pores (holes) permeable to proteins [15,16]. The decrease in A640 of
RBC suspension to almost zero just after the saponin addition in the
isoosmotic media containing 150 mOsm PEGs (Fig. 1A) showed
complete permeabilization of the plasma membrane. No essential
osmotic protectionwas observed with PEGs up to molecular weight of
4000, if hemolysis (Fig. 2A, a) or light dispersion (Fig. 2B, a) were
measured in less than 5 min after the saponin addition. Apparent
osmotic protection with PEG-3000 and PEG-4000 was observed for
30-min saponin treatments. It was revealed in a decrease of super-
natant hemoglobin (Fig. 2A, b) and in a less signiﬁcant decrease in
light dispersion (Fig. 2B, b) in these PEG containing media comparing
with 100% effects for the control isotonic salt medium. We call this
phenomenon as “apparent protection” because one should expect that
the degree of RBC permeabilization, but not protection, should be
higher for 30-min than for 5-min treatments with saponin.
Interestingly, even stronger apparent protection was observed
using 300 mOsm PEG media. This was shown by a less signiﬁcant
decrease in A640 just after the addition of saponin to the RBC
suspension in the PEG-1000 medium, and by complete prevention of
A640 decrease in the media with PEG-1500 or with PEGs of higher
molecular weight (Figs. 1B, 2D). These data are consistent with a
strong decrease in supernatant hemoglobin (Fig. 2C).
We have found that the addition of the supernatant of preliminary
hemolysed RBC to the media with 300 mOsm PEGs of molecular
weight higher than 1000 caused a fast and strong increase in light
dispersion (Fig. 3B) with the maximum effect for 5-min and 30-min
incubations (Fig. 4D, a and b, respectively). This effect was easily
detectable in the isoosmotic media with 150mOsm PEG-4000 or PEG-
3000 for 30-min incubation (Fig. 4B, b) and it was associated with the
formation of hemoglobin aggregates leading to a strong decrease in
the concentration of supernatant hemoglobin (Fig. 4C). The cytosolic,
but not the membrane fraction of lysed cells was able to induce
hemoglobin precipitation (Fig. 3C and D).
Based on the obtained data, we suggest that the osmotic protection
methodology using isoosmotic media with 150 mOsm PEGs or
traditional 30 mM PEGs might be applied for estimation of membrane
pore sizes only if pore radius is less than the hydrodynamic radius of
PEG-4000, which is approximately 1.6 nm [23]. It is also important
that hemolysis should be evaluated in less than 5 min after the
permeabilization of RBC. Longer time of incubation of permeabilized
cells, for example for 30 min, leads to approximately 50% apparent
decrease in hemolysis in the isoosmotic mediumwith 150mOsm PEG-
3000 (Fig. 2A, b). Thus one might conclude that the pore size
corresponds to the hydrodynamic radius of PEG-3000; however, such
conclusion might be not correct. A decrease in the supernatant
hemoglobinmight result not from the osmotic protection but from the
precipitation of hemoglobin.
The size of pores formed by saponin in the plasma membrane
should be less than the hydrodynamic radius of PEG-1500 according
to the hemolysis data for equiosmotic concentrations of PEGs, which is
in good agreement with that determined under similar conditions for
the action of sphingosine [11] or avicin G [10]. However, our data showthat this size is not correct because the aggregation and a complete
sedimentation of hemoglobin might occur in equiosmotic media of
high molecular weight PEGs beginning from PEG-1500 (Fig. 4C).
It has been suggested [4,13,14] that hemolysis of cells sedimented
in the presence of PEGs of relatively high molecular weight might be
caused by subsequent washing of cells in the media without PEG.
Basing on our new ﬁndings, the alternative explanation might consist
in the dissolution of hemoglobin aggregates during washing of
sedimented samples if the RBC were permeabilized and were not
osmotically protected by PEGs, which in this case should cause
precipitation of released hemoglobin even at 30 mM PEGs with
molecular weights higher than 3000–4000.
We believe that our new observations are helpful for other
experimental procedures. For example, some publications have used
dextrans [29] or inulin [8,14] as osmotic protectants instead or
together with PEGs to determine the size of the membrane pores. It
would be important to test whether dextran or inulin could
precipitate hemoglobin. It has been shown, for example, that
dextran-70 is able to cause aggregation of red blood cells [30].
Dextrans M40 caused aggregation of mitochondria in the media with
physiological ionic strength masking various mitochondrial enzyme
activities and directly observed by light microscopy and light
dispersion measurements [31]. This phenomenon of aggregation has
been explained in the framework of Gouy–Chapman theory of the
electrical double layer [31]. Thus, before the use of osmotic protectants
for membrane pore sizing, they should be examined for the ability to
cause hemoglobin precipitation.
In summary, this work demonstrated that the phenomenon of
hemoglobin precipitation by high molecular weight PEGs might
explain the contradictory data for membrane pore sizes determined
by electron microscopy and by hemolysis evaluation, as well as the
differences in the light dispersion and supernatant hemoglobin data
obtained in this work. The phenomenon of hemoglobin crystallization
in the presence of PEG was earlier well documented by crystal-
lographic technique [32,33]. Hemoglobin aggregation is time-depen-
dent, that is why it would be important to determine an optimal time
interval for RBC exposition to a permeabilizing factor before the
evaluation of hemolysis. We have learned that the concentration of
PEGs should not exceed 150 mOsm or 30 mM, and the time of RBC
incubation with permeabilizing factors should be within 5 min, if the
size of pores is not higher than the hydrodynamic radius of PEG-4000.
Additional adjustments of the method are required for larger pores
when PEGs of higher molecular weight should be used. The
measurement of cell suspension light dispersion in addition to
hemolysis evaluation seems to be more adequate for cell permeabi-
lization studies. We believe that these ﬁndings are very important for
the future studies of the plasma membrane permeabilization by
various factors; and that some of the previously reported data should
be carefully discussed in the light our new ﬁndings.
Acknowledgments
This work was supported by Colciencias (Colombia) grants #2213-
05-16851 and #2213-12-17833. The authors thank Dr. M. Colombini
and Dr. A. Anishkin (University of Maryland), as well as Dr. J.
Gutterman and Dr. V. Haridas (The University of Texas M.D. Anderson
Cancer Center) for critically reading the manuscript, discussion and
valuable observations.
References
[1] R.R. Dourmashkin, R.M. Dougherty, R.J. Harris, Electron microscopic observations
on Rous sarcoma virus and cells membranes, Nature 194 (1962) 1116–1119.
[2] A.D. Bangham, R.W. Horne, A.M. Glauert, J.T. Dingle, J.A. Lucy, Action of saponin on
biological cell membranes, Nature 196 (1962) 952–955.
[3] S.H. Lee, S. Kim, S.C. Park, M.J. Kim, Cytotoxic activities of Leptospira interrogans
hemolysin SphH as a pore-forming protein onmammalian cells, Infect. Immun. 70
(2002) 315–322.
2780 J.C. Quijano, V.V. Lemeshko / Biochimica et Biophysica Acta 1778 (2008) 2775–2780[4] S. Lang, M. Palmer, Characterization of Streptococcus agalactiae CAMP factor as
pore-forming toxin, J. Biol. Chem. 278 (2003) 38167–38173.
[5] A. Yamaji-Hasegawa, A.Makino, T. Baba, Y. Senoh,H.Kimura-Suda, S.B. Sato,N. Terada,
S. Ohno, E. Kiyokawa, M. Umeda, T. Kobayashi, Oligomerization and pore formation
of a Sphingomyelin-speciﬁc toxin, J. Biol. Chem. 278 (2003) 22762–22770.
[6] J. Banerjee, J. Singh, M.C. Joshi, S. Ghosh, N. Banerjee, The cytotoxic ﬁmbrial
structural subunit of Xenorhabdus nematophila is a pore-forming toxin, J. Bacteriol.
188 (2006) 7957–7962.
[7] Z.I. Andreeva, V.F. Nesterenko, M.G. Fomkina, V.I. Ternovsky, N.E. Suzina, A.Y.
Bakulina, A.S. Solonin, E.V. Sineva, The properties of Bacillus cereus hemolysin II
pores depend on environmental conditions, Biochim. Biophys. Acta 1768 (2007)
253–263.
[8] M. Miyake, T. Honda, T. Miwatani, Effects of divalent cations and saccharides on
Vibrio metschnikovii cytolysin-induced hemolysis of rabbit erythrocytes, Infect.
Immun. 57 (1989) 158–163.
[9] D. Dacheux, J. Goure, J. Chabert, Y. Usson, I. Attree, Pore-forming activity of type III
system-secreted proteins leads to oncosis of Pseudomonas aeruginosa-infected
macrophages, Mol. Microbiol. 40 (2001) 76–85.
[10] X.X. Li, B. Davis, V. Haridas, J.U. Gutterman, M. Colombini, Proapototic triterpene
electrophiles (avicins) form channels in membranes: cholesterol dependence,
Biophys. J. 88 (2005) 2577–2584.
[11] L.J. Siskind, S. Fluss, M. Bui, M. Colombini, Sphingosine forms channels in
membranes that differ greatly from those formed by ceramide, J. Bioenerg.
Biomembr. 37 (2005) 227–236.
[12] F.J. Aranda, J.A. Teruel, A. Ortiz, Further aspects on the hemolytic activity of the
antibiotic lipopeptide iturin A, Biochim. Biophys. Acta 1713 (2005) 51–56.
[13] M.A. Agosto, T. Ivanovic, M.L. Nibert, Mammalian reovirus, a nonfusogenic
nonenveloped virus, forms size-selective pores in a model membrane, Proc. Natl.
Acad. Sci. U. S. A. 103 (2006) 16496–16501.
[14] M.R. Ferguson, X.J. Xu, C.W. Houston, J.W. Peterson, D.H. Coppenhaver, V.L. Popov,
A.K. Chopra, Hyperproduction, puriﬁcation, and mechanism of action of the
cytotoxic enterotoxin produced by Aeromonas hydrophila, Infect. Immun. 65
(1997) 4299–4308.
[15] P. Seeman, D. Chen, G.H. Iles, Structure of membranes holes in osmotic and
saponin hemolysis, J. Cell Biol. 56 (1973) 519–527.
[16] E. Baumann, G. Stoya, A. Völkner, W. Richter, C. Lemke, W. Linss, Hemolysis of
human erythrocytes with saponin affects the membrane structure, Acta
Histochem. 102 (2000) 21–35.
[17] V. Haridas, M. Higuchi, G.S. Jayatilake, D. Bailey, K. Mujoo, M.E. Blake, C.J. Arntzen,
J.U. Gutterman, Avicins: Triterpenoid saponins from Acacia victoriae (Bentham)
induce apoptosis by mitochondrial perturbation, Proc. Natl. Acad. Sci. U. S. A. 98
(2001) 5821–5826.
[18] K. Mujoo, V. Haridas, J.J. Hoffmann, G.A. Wachter, L.K. Hutter, Y. Lu, M.E. Blake, G.S.
Jayatilake, D. Bailey, G.B. Mills, J.U. Gutterman, Triterpenoid saponins from Acaciavictoriae (Bentham) decrease tumor cell proliferation and induce apoptosis,
Cancer Res. 61 (2001) 5486–5490.
[19] A. Gaikwad, A. Poblenz, V. Haridas, C. Zhang, M. Duvic, J.U. Gutterman,
Triterpenoid electrophiles (Avicins) suppress heat shock protein-70 and x-linked
inhibitor of apoptosis proteins in malignant cells by activation of ubiquitin
machinery: implications for proapoptotic activity, Clin. Cancer Res. 11 (2005)
1953–1962.
[20] J.U. Gutterman, H.T. Lai, P. Yang, V. Haridas, A. Gaikwad, S. Marcus, Effects of the
tumor inhibitory triterpenoid avicin G on cell integrity, cytokinesis, and protein
ubiquitination in ﬁssion yeast, Proc. Natl. Acad. Sci. USA. 102 (2005) 12771–12776.
[21] V.V. Lemeshko, V. Haridas, J.C. Quijano, J.U. Gutterman, Avicins, natural anticancer
saponins, permeabilize mitochondrial membranes, Arch. Biochem. Biophys. 454
(2006) 114–122.
[22] M. Tejuca, M. Dalla Serra, C. Potrich, C. Alvarez, G. Manestrina, Sizing the radius of
the pore formed in erythrocytes and lipid vesicles by the toxin Sticholysin I from
the sea anemone Stichodactyla helianthus, J. Membr. Biol. 183 (2001) 125–135.
[23] S. Kuga, Pore size distribution analysis of gel substances by size exclusion
chromatography, J. Chromatogr. 206 (1981) 449–461.
[24] A. Polson, G.M. Potgieter, J.F. Largier, G.E.F. Mears, F.J. Joubert, The fractionation of
protein mixtures by linear polymers of high molecular weight, Biochim. Biophys.
Acta 82 (1964) 463–475.
[25] R.J. Carter, N.D. Boyd, A comparison of methods for obtaining high yields of pure
immunoglobulin from severely haemolysed plasma, J. Immunol. Methods 26
(1979) 213–222.
[26] H. Raghuraman, A. Chattopadhyay, Cholesterol inhibits the lytic activity of melittin
in erythrocytes, Chem. Phys. Lipids 134 (2005) 183–189.
[27] D.R. Pfeiffer, T.I. Gudz, S.A. Novgorodov, W.L. Erdahl, The peptide mastoparan is a
potent facilitator of the mitochondrial permeability transition, J. Biol. Chem. 270
(1995) 4923–4932.
[28] R. Barrer, K.A. Ross, Refractometry of living cells, J. Physiol. 118 (1952) 38P–39P.
[29] A. Ludwig, S. Bauer, R. Benz, B. Bergmann,W. Goebel, Analysis of the SlyA-controlled
expression, subcellular localization and pore-forming activity of a 34 kDa
haemolysin (ClyA) from Escherichia coli K-12, Mol. Microbiol. 31 (1999) 557–567.
[30] O.K. Baskurt, R.A. Farley, H.J. Meiselman, Erythrocyte aggregation tendency and
cellular properties in horse, human, and rat: a comparative study, Am. J. Physiol.
273 (1997) H2604–H2612.
[31] V.V. Lemeshko, S. Solano, L.F. López, D.A. Rendón, P. Ghafourifar, L.A. Gómez,
Dextran causes aggregation of mitochondria and inﬂuences their oxidoreductase
activities and light scattering, Arch. Biochem. Biophys. 412 (2003) 176–185.
[32] K.B. Ward, B.C. Wishner, E.E. Lattman, W.E. Love, Structure of deoxyhemoglobin A
crystals grown from polyethylene glycol solutions, J. Mol. Biol. 98 (1975) 161–177.
[33] M.J. Grabowski,A.M. Brzozowski, Z.S.Derewenda, T. Skarznnski,M.Cygler, A. Stepien,
A.E. Derewenda, Crystallization of human oxyhaemoglobin from poly(ethylene
glycol) solutions, Biochem. J. 171 (1978) 277–279.
